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ABSTRACT
We investigate the fossil magnetic field in the accretion and protoplanetary discs us-
ing the Shakura and Sunyaev approach. The distinguishing feature of this study is the
accurate solution of the ionization balance equations and the induction equation with
Ohmic diffusion, magnetic ambipolar diffusion, buoyancy and the Hall effect. We con-
sider the ionization by cosmic rays, X-rays and radionuclides, radiative recombinations,
recombinations onto dust grains, and also thermal ionization. The buoyancy appears
as the additional mechanism of magnetic flux escape in the steady-state solution of the
induction equation. Calculations show that Ohmic diffusion and magnetic ambipolar
diffusion constraint the generation of the magnetic field inside the ‘dead’ zones. The
magnetic field in these regions is quasi-vertical. The buoyancy constraints the toroidal
magnetic field strength close to the disc inner edge. As a result, the toroidal and ver-
tical magnetic fields become comparable. The Hall effect is important in the regions
close to the borders of the ‘dead’ zones because electrons are magnetized there. The
magnetic field in these regions is quasi-radial. We calculate the magnetic field strength
and geometry for the discs with accretion rates (10−8−10−6)M⊙ yr
−1. The fossil mag-
netic field geometry does not change significantly during the disc evolution while the
accretion rate decreases. We construct the synthetic maps of dust emission polarized
due to the dust grain alignment by the magnetic field. In the polarization maps, the
‘dead’ zones appear as the regions with the reduced values of polarization degree in
comparison to those in the adjacent regions.
Key words: accretion, accretion discs, magnetic fields, magnetohydrodynamics
(MHD), protoplanetary discs, radiative transfer, polarization.
1 INTRODUCTION
Contemporary star formation takes place in the magnetic
rotating cores of molecular clouds which we call protostel-
lar clouds. The collapse of protostellar clouds leads to the
formation of the protostars with protostellar discs. The
discs form under the action of the electromagnetic and
centrifugal forces. The protostellar discs are geometrically
thick self-gravitating discs. After the formation of a young
star, the protostellar disc transforms into the accretion disc,
where matter accretes onto the star with the accretion rate
M˙ = (10−6 − 10−8)M⊙ yr−1 in the case of T Tauri stars.
The accretion discs of the T Tauri stars are geometrically
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thin structures with masses ∼ (0.001 − 0.1)M⊙ and sizes
(100 − 1000) au (see review of Williams & Cieza (2011)).
During evolution, the accretion discs transform to the pro-
toplanetary discs similar to the protosolar nebula.
There are some observational data concerning the mag-
netic fields in the accretion discs of young stellar objects.
The measurements of the remnant magnetization of the me-
teorites indicate that the magnetic field strength in the pro-
tosolar nebula was ∼ (0.1 − 1) Gs (Levy 1978; Fu et al.
2014). Donati et al. (2005) reported about the measurement
of the magnetic field strength of about 1 kGs in the inner
regions of the FU Ori system using the Zeeman splitting
technique. Girart et al. (2006) made the measurements of
the polarized dust emission from the low-mass protostellar
system NGC 1333 IRAS 4A and found that the geometry of
the magnetic field is ‘hour-glass’ in this system. Rao et al.
(2014) detected linearly polarized 878 µm dust emission in
the circumstellar disc around the IRAS 16293-2422 B proto-
c© 2016 The Authors
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star from the Submillimetre Array observations. The mea-
surements indicate that the geometry of the magnetic field
is complex in this system. Stephens et al. (2014) performed
resolved measurements of the polarized 1.25 mm continuum
emission from the HL Tau disc using the Combined Ar-
ray for Millimetre-wave Astronomy (CARMA). They sug-
gested that the geometry of the magnetic field in the disc
is complex with both toroidal and poloidal components.
Segura-Cox et al. (2015) performed observations of the dust
polarization from the circumstellar disc around the Class 0
protostar L1527 using the CARMA. They concluded that
the geometry of the magnetic field is toroidal.
Interpretation of (sub)millimetre polarization observa-
tions of the discs around young stellar objects can be com-
plicated. The polarization of the disc dust emission is usu-
ally interpreted as a result of the alignment of non-spherical
dust grains with magnetic field. But as it was demonstrated
by Yang et al. (2016) the (sub)mm continumm polarization
could also be a result of scattering and disc inclination.
Direct measurements of the magnetic field strength based
on the Zeeman effect are yet not possible and the polar-
ization observations are not able to detect the large-scale
magnetic field geometry in details. Therefore, theoretical in-
vestigations of the magnetic field in young stellar objects
are needed to explain the observations and to predict what
magnetic field will be detected in future high-resolution mea-
surements.
There are two main conceptions of the origin of the
magnetic field in young stellar objects: the dynamo the-
ory and the theory of the fossil magnetic field. The lat-
ter is based on the numerical simulations and observa-
tions of the star formation in molecular cloud cores (see
recent review by Dudorov & Khaibrakhmanov (2015)). One-
and-half-dimensional magneto-gas-dynamic simulations of
Dudorov & Sazonov (1987) have shown that the initial mag-
netic flux of protostellar clouds is conserved partially during
collapse and accretion. These conclusions have been con-
firmed by a number of multi-dimensional simulations (see
review by Inutsuka (2012)). Therefore, from the point of
view of the discs formation theory it is natural to assume
that the magnetic field of stars and their accretion discs is
the fossil one, i.e. it is the remnant of the protostellar cloud’s
magnetic field. The strength and geometry of the magnetic
field in the accretion discs is influenced by accretion, differ-
ential rotation, magnetic diffusion and different instabilities.
Ohmic diffusion (OD) and magnetic ambipolar diffusion
(MAD) are the main processes that constraint the genera-
tion of the magnetic field during the star and disc formation.
OD of the magnetic field is caused by currents dissipation in
gas with finite conductivity (see Parker (1979)). MAD is the
process of plasma drift through the neutral gas under the
action of the electromagnetic force. Mestel & Spitzer (1956)
first pointed that MAD will allow a protostellar cloud to
contract across the field lines if the cloud is dense enough
and the frictional coupling between plasma and neutral gas
is small.
The magnetic diffusion efficiency depends on the ion-
ization fraction. Hayashi (1981) estimated the conductiv-
ity of the protosolar nebula with the magnetic field tak-
ing into account ionization by cosmic rays and decay of
radioactive elements. Hayashi concluded that OD prevents
generation of the strong magnetic field in the regions of
the terrestrial planet formation. Lubow et al. (1994) and
Agapitou & Papaloizou (1996) have shown that significant
inward dragging of the large-scale magnetic field lines oc-
curs if the magnetic diffusivity is much less than the tur-
bulent viscosity in the disc. Reyes-Ruiz & Stepinski (1996)
pointed out that toroidal magnetic field can be generated
in a rotating disc when magnetic diffusion is weak. In these
papers, OD efficiency was described with the help of non-
dimensional magnetic Prandtl number determined as the re-
lation of the magnetic diffusivity to the turbulent viscosity.
Gammie (1996) introduced layered accretion scenario
for the T Tauri accretion discs. He pointed out that the
ionization fraction can be very low, x < 10−13, near
the mid-plane of the disc due to the attenuation of cos-
mic rays. Magneto-rotational instability (MRI, Velikhov
1959; Chandrasekhar 1960; Balbus & Hawley 1991) is not
developed and magneto-hydrodynamic (MHD) turbulence
is weakened in such regions of low ionization fraction.
He called these regions ‘dead’ zones. The accretion takes
place only in the surface layers of the discs in this model.
Sano et al. (2000) calculated the ionization fraction of the
minimum mass solar nebula (MMSN, Cameron & Pine
1973; Weidenschilling 1977). The ‘dead’ zone was deter-
mined as the region where wavelength of most unstable MRI
mode exceeds the accretion disc scale height. This critical
wavelength depends on the magnetic field strength and the
ohmic diffusivity. Sano et al. (2000) investigated dependence
of ‘dead’ zone size on the plasma parameter β = (100, 1000)
and on the dust grain size. They have shown that the ‘dead’
zone shrinks as the dust grains radius increases and β de-
creases. The ‘dead’ zones are located at the distances from
1 au to (10-20) au inside the disc.
Mohanty et al. (2013) calculated the characteristics of
the ‘dead’ zones in the frame of the MMSN model. The
‘dead’ zones were treated as the regions where MRI growth
rate is less than the dissipation rate. The authors considered
damping of MRI by both OD and MAD. They concluded
that MAD determines the outer boundary of the ‘dead’ zone.
Using local shearing-box simulations of the MMSN discs, Bai
(2013) has shown that MRI is completely suppressed in the
region from 0.5 au to (5− 10) au near the mid-plane due to
OD and in the surface layers due to MAD.
Global MHD simulations of accretion discs
dynamics were performed in the ideal MHD ap-
proach (Fromang & Nelson 2006; Flock et al. 2011;
Suzuki & Inutsuka 2014) and in the resistive limit
(Dzyurkevich et al. 2010). Gressel et al. (2015) carried
out global simulations of the protoplanetary discs using the
nirvana III code. The calculations were done for the part
of the disc between 1 au and 5 au in two dimensions taking
into account OD and MAD and ionization by FUV and
X-rays only.
Buoyancy is another mechanism that influences the
magnetic field in the accretion discs. Parker (1979) has
shown that the magnetized plasma in gravitationally strat-
ified fluid is buoyantly unstable. The magnetic field splits
into flux tubes rising from the fluid because of the buoy-
ancy force. Various aspects of the magnetic buoyancy in
the accretion discs have been investigated, such as the dy-
namics of slender magnetic flux tubes (Sakimoto & Coroniti
1989; Schramkowski & Achtergerg 1993; Ziegler 2001), the
generation of turbulence (Rozyczka et al. 1996), the forma-
MNRAS 000, 1–14 (2016)
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tion of hot corona and bursts activity (Miller & Stone 2000;
Machida et al. 2000), magnetic dynamo (Tout & Pringle
1992; Johansen & Levin 2008). Zhilkin et al. (2012) per-
formed three-dimensional MHD simulations of flows in the
contact binary systems and have shown that buoyancy can
constraint the generation of the toroidal magnetic field.The
influence of the buoyancy on the fossil magnetic field
strength has not been investigated yet.
Conductivity is anisotropic in the magnetized plasma
(Alfven & Falthammar 1963; Cowling 1976). Electrons
drift causes the Hall current directed perpendicular
to the magnetic field lines. Urpin & Shalybkov (1991),
Shalybkov & Urpin (1997) have shown that the Hall cur-
rent can generate the toroidal field from the poloidal one in
the conducting medium. Vainshtein et al. (2000) also have
found that the Hall currents can lead to the exchange of en-
ergy between different components of the magnetic field in
the stratified plasma.
Wardle & Ng (1999) calculated the conductivity ten-
sor for the molecular gas taking into account the Hall
effect. They have found that the Hall effect contribu-
tion to the conductivity is important for the densities
between 107 to 1011 cm−3 in the case of Mathis-Rumpl-
Nordsieck (MRN) grain-size distribution. Analytical and
numerical investigations have shown that the Hall effect
can increase or decrease MRI growth rate (Wardle 1999;
Balbus & Terquem 2001; Sano & Stone 2002) and ‘dead’
zone size (Wardle & Salmeron 2012) depending on the di-
rection of the magnetic field vector B with respect to the
rotation axis direction Ω. Lesur et al. (2014) and Bai (2014)
performed local shearing-box simulations of the protoplane-
tary discs dynamics taking into account OD, MAD, and the
Hall effect. They analysed the role of these effects at fixed
radial distances from a star. Simulations have shown the ar-
tificial generation of the strong azimuthal magnetic field in
the midplane of the disc in the case (B ·Ω) > 0. This ef-
fect is caused by the symmetry features of the shearing-box
approximation and artificial limitation of the diffusivity.
Thus, the role of OD and MAD has been mainly inves-
tigated in application to MRI and ‘dead’ zones character-
istics. Guilet & Ogilvie (2014) developed the approach pro-
posed by Lubow et al. (1994). To investigate the poloidal
magnetic field dragging in the accretion discs, they used
the vertically averaged values of the advection and diffusion
rates which take into account the back-reaction of the mean
magnetic field on the flow. The effective turbulent diffusivity
was characterized by Shakura & Sunyaev (1973) α param-
eter provided that the magnetic Prandtl number equals 1.
This approach allowed to obtain more efficient dragging of
the poloidal magnetic field than in previous works. Assuming
balance between the advection and diffusion of the magnetic
field, Okuzumi et al. (2014) derived the steady-state radial
distribution of the vertical magnetic field Bz(r) ∝ r−2 re-
flecting the magnetic flux conservation law. Using this pro-
file, the authors obtained the upper limit on the magnetic
field strength, 0.1 Gs at r = 1 au and ∼ 1 mGs at 10 au.
Takeuchi & Okuzumi (2014) investigated the relaxation of
the poloidal magnetic field to this steady state taking into
account Ohmic diffusion only. Both Guilet & Ogilvie (2014)
and Okuzumi et al. (2014) did not consider the toroidal
magnetic field in the disc. Dudorov & Khaibrakhmanov
(2014) (DK14, hereafter) developed the MHD model of the
stationary geometrically thin low-massive accretion discs
with the fossil magnetic field. The model for the accretion
disc contains Shakura & Sunyaev (1973) equations, the in-
duction equation with OD and MAD, the ionization bal-
ance equations taking into account thermal ionization, shock
ionization by cosmic rays, X-rays and radioactive elements,
radiative recombinations, recombinations on various dust
grains. The dust particles are considered to be well-mixed
with the gas. DK14 concluded that OD and MAD constraint
the generation of the magnetic field inside the ‘dead’ zones,
and the magnetic field there is quasi-poloidal. The magnetic
field can be quasi-azimuthal or quasi-radial in the outer re-
gions depending on the ionization rates and dust character-
istics.
Many previous works a priori determined the magnetic
field strength and/or magnetic diffusion efficiency in a va-
riety of ways, in particular assuming constant plasma pa-
rameter β and/or constant magnetic Prandtl number, etc.
Following DK14, we calculate the magnetic field strength
and geometry on the basis of the theory of the fossil mag-
netic field, i.e. using the initial conditions of the disc forma-
tion. Currently, 2D and 3D MHD simulations of the dynam-
ics of protostars with accretion discs are difficult because
of the limitations on the temporal and spatial resolution.
Our approach is semi-analytical. We do not perform full 3D
simulations, but calculate all three components of the mag-
netic field taking into account many physical effects, such as
ionization, recombinations, magnetic diffusion, and thermal
effects.
In this paper, we modify our basic accretion disc model
in order to take into account the magnetic buoyancy and the
Hall effect. In section 2, we describe the model of the accre-
tion disc. Details can be found in the paper DK14. The mod-
ification of the model is carried out in section 2.2. We derive
the induction equation with OD, MAD, buoyancy and Hall
effect in section 2.2.1. Estimation of the buoyancy velocity is
given in section 2.2.2. The results of calculation of the mag-
netic field are presented in section 3. We investigate influence
of the buoyancy and the Hall effect on the fossil magnetic
field in sections 3.4 and 3.5, respectively. In section 3.6, we
study the intensity and geometry of the fossil magnetic field
with different mass accretion rates. To demonstrate how the
disc magnetic field can affect the (sub)mm continuum polar-
ization, we performed radiative transfer calculations. First,
we calculated the dust temperature, Td, distribution in the
disc (Section 4.1). This distribution was then used to calcu-
late the intensity and polarization of the (sub)mm contin-
uum emission (Section 4.2). We summarize our findings in
section 5.
2 MHD MODEL OF THE ACCRETION DISC
2.1 Basic model
We consider the geometrically thin axially symmetric accre-
tion disc of the star with mass M . The self-gravity of the
disc is neglected comparing to the gravity of the star. In
cylindrical coordinate system {r, ϕ, z}, the gas velocity and
fossil magnetic field have componentsV = {Vr, Vϕ, Vz} and
B = {Br, Bϕ, Bz} .
The basic equations of the model are magneto-gas-
MNRAS 000, 1–14 (2016)
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dynamic equations with OD and MAD (see DK14). We ne-
glect the electromagnetic force in the equations. In this case,
the radial structure of the disc is described by equations of
Shakura & Sunyaev (1973):
M˙Ωkf = 2piαΣV
2
s , (1)
M˙ = −2pirVrΣ, (2)
4σsbT
4
3κΣ
=
3
8pi
M˙Ω2kf, (3)
H =
Vs
Ωk
, (4)
where M˙ is the mass accretion rate,
Ωk =
√
GM
r3
(5)
– the Keplerian angular velocity, f =
(
1−
√
rin/r
)
, rin –
the radius of the disc inner edge, α – turbulence parameter,
Σ – gas column density, Vs =
√
RgT/µ – isothermal sound
speed, T – gas temperature, H – accretion disc scale height,
µ = 2.3 – the mean molecular weight of the gas.
The opacity coefficient κ is defined as the power-law
function of the gas density ρ and temperature κ = κ0ρ
aT b,
where constants κ0, a and b are evaluated according to
Semenov et al. (2003a).
The inner boundary of the accretion disc is determined
by the magnetosphere radius of the star. The star is consid-
ered to have dipole magnetic field with surface magnetic field
Bs. The outer boundary of the disc corresponds to the dis-
tance, where the pressure is equal to the pressure of molec-
ular cloud cores with typical density.
In order to calculate the magnetic field geometry, we
need to specify the vertical structure of the disc. The vertical
distribution of the gas density is described by the equation
of hydrostatic equilibrium. The solution of this equation is
ρ(r, z) = ρ(r, 0)e
−
z
2
H2 . (6)
Angular velocity dependence on coordinates follows from the
equation of centrifugal balance,
Ω = Ωk
(
1 +
z2
r2
)−3/4
. (7)
We calculate the vertical profiles of the gas tempera-
ture in the optically thick regions using approach of
Malbet & Bertout (1991) and taking into account heat-
ing by cosmic rays and radioactive elements according to
D’Alessio et al. (1998). We assume that the temperature
near the accretion disc’s outer boundary is equal to the tem-
perature of the interstellar medium, 15 K, due to heating by
external sources.
Ionization fraction x is calculated using the model of
Dudorov & Sazonov (1987), as it was done in DK14. The
equations include the thermal ionization of metals and hy-
drogen, shock ionization by cosmic rays, X-rays, radioactive
elements, radiative recombinations and recombinations on
the dust grains with mean size ad. Evaporation of the dust
grains is taken into account. It is considered that mean dust
grain radius decreases with temperature due to the evapora-
tion of volatiles at T > 150 K and silicates at T > 1500 K.
2.2 Induction equation
2.2.1 Induction equation with the Hall effect and
buoyancy
DK14 considered the induction equation with OD andMAD.
Let us add two additional terms describing the buoyancy of
the toroidal magnetic field Bt = (Br, Bϕ, 0) and the Hall
effect
∂B
∂t
= ∇× ((V +Vmad)×B) +∇× (ηo (∇×B)) +
∇× (VB ×Bt) +∇×
(
c
4piene
((∇×B)×B)
)
,(8)
where stationary MAD velocity
Vmad =
((∇×B)×B)
4piRin
, (9)
Rin = µinninn〈σv〉in – the friction coefficient for ion-neutral
collisions, µin – the reduced mass for ion and neutral parti-
cles, ni – ions number density, nn – neutral particles number
density, 〈σv〉in = 2×10−9 cm3 s−1 (Spitzer 1978) – the coef-
ficient of momentum transfer in collisions between ions and
neutrals.
The third term in (8) is responsible for OD,
ηo =
c2
4piσ
(10)
– ohmic diffusivity, c – the speed of light, σe – electrical
conductivity,
σe =
e2ne
meνen
, (11)
where e – electron charge, ne – electrons number density,
me – the mass of the electron and νen – mean collision rate
between electrons and neutral particles,
νen = 〈σv〉ennn, (12)
where 〈σv〉en = 10−7 cm3 s−1 (Nakano 1984) – the rate of
momentum transfer in electron-neutral collisions.
The fourth term at the right-hand side of (8) describes
the buoyancy of the toroidal magnetic field with the veloc-
ity VB = (0, 0, VB) (Dudorov et al. 1989). The fifth term
describes the Hall effect (see, for example, Balbus (2011)).
In the approximation of Shakura & Sunyaev (1973),
radial derivatives can be neglected comparing to vertical
derivatives. In this case, equation (8) has the following form
MNRAS 000, 1–14 (2016)
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in cylindrical coordinate system:
∂Br
∂t
= Bz
∂Vr
∂z
+
∂
∂z
[(
ηo +
B2r +B
2
z
4piRin
)
∂Br
∂z
]
+
∂
∂z
(
BrBϕ
4piRin
∂Bϕ
∂z
)
+
∂
∂z
(
ηh
∂Bϕ
∂z
)
− ∂
∂z
(BrVB) , (13)
∂Bϕ
∂t
= Bz
∂Vϕ
∂z
+Br
∂Vϕ
∂r
+
∂
∂z
[(
ηo +
B2ϕ +B
2
z
4piRin
)
∂Bϕ
∂z
]
+
∂
∂z
(
BrBϕ
4piRin
∂Br
∂z
)
− ∂
∂z
(
ηh
∂Br
∂z
)
− ∂
∂z
(BϕVB) , (14)
∂Bz
∂t
= −1
r
∂
∂r
(rVrBz) , (15)
where Vϕ = Ωr,
ηh =
cBz
4piene
(16)
– the Hall coefficient.
Equation (13) shows that Br is generated from Bz due
to accretion with the velocity Vr(z). Differential rotation
with the velocity Vϕ(r, z) generates Bϕ from Bz and Br,
according to equation (14). The diffusion of the radial and
azimuthal magnetic field components takes place in the ver-
tical direction. Equation (15) reflects that Bz is frozen in
gas.
Derivatives ∂Vr/∂z and ∂B/∂z can be replaced by fi-
nite differences Vr/z and B
+/z, where B+ is the value
at height z. Equatorial symmetry requirement implies that
Br(z) = −Br(−z) and Bϕ(z) = −Bϕ(−z). This means that
Br(z = 0) = 0 and Bϕ(z = 0) = 0. In the steady-state case,
equations (13-14) are transformed to
− zVrBz − ηhBϕ = Br (η + VBz) ,(17)
−1
2
Ωkz
2
(
3
z
r
Bz +Br
)
+ ηhBr = Bϕ (η + VBz) ,(18)
where
η = ηo + ηa (19)
– sum of the ohmic diffusivity (10) and the ambipolar dif-
fusivity
ηa =
B2
4piRin
, (20)
where B2 = B2r+B
2
ϕ+B
2
z . The magnetic field components in
the (17-18) are evaluated at height z above the mid-plane of
the accretion disc. Upper index plus is omitted for simplicity.
The steady-state solution of equation (15) is
Bz = Bz0
Σ
Σ0
, (21)
where Bz0 and Σ0 – the boundary values of the mag-
netic field and surface density. We assume that Bz0(rout) =
Bext(rout) at the outer boundary of the accretion disc, where
Bext is the magnetic field of a protostellar cloud (Dudorov
1991)
Bext = Bc
(
next
nc
)kB
, (22)
where next – gas number density at the accretion disc outer
edge, Bc and nc are the magnetic field and gas number den-
sity of the protostellar cloud from which a protostar with the
accretion disc is formed. The typical values for the low-mass
protostellar clouds Bc = 10
−4 Gs, nc = 10
4 cm−3. For the
magnetostatic contraction of the protostellar disc kB = 1/2.
DK14 have shown that MAD may prevent the amplifi-
cation of Bz in the regions of low ionization fraction. In this
case, Bz can be estimated from the equality of Vmad = Vr,
Bz =
√
4piRinr|Vr|. (23)
Equations (17-18) are non-linear algebraic equations,
since the coefficient of MAD ηa and the buoyancy velocity
VB depend on the magnetic field. It should be noted that the
coefficient ηh can be either positive or negative depending on
the sign of Bz, i.e. on the direction of the vertical magnetic
field vector with respect to the angular velocity vector Ω.
In our calculations, the rotation axis is directed along the
z-axis, Ω = (0, 0, Ω > 0).
2.2.2 The stationary velocity of the magnetic flux
buoyancy
DK14 used simple estimation of the azimuthal magnetic field
intensity in the regions of effective generation. It was con-
sidered that the maximum value of Bϕ corresponds to the
case when magnetic flux tubes (MFTs) rise with the Alfven
speed. In present work, we investigate this problem more
carefully.
Magnetic field splits into the MFTs due to the Parker
(1979) instability in the regions where Bt becomes larger
than Bz. We assume that MFTs have the form of the torus
with minor radius amft << H and major radius ac ∼ r.
Since the accretion discs of young stars are geometrically
thin, H ≪ r, then major radius ac ≫ amft. Thus, MFT
can be treated locally as the thin cylinder. We do not take
into account motion in r-direction and consider that MFTs
rise in z-direction from the disc interior to its surface layers.
There is pressure balance between the MFT and the external
medium,
Pin +
B2t
8pi
= Pext, (24)
where Pin – gas pressure inside the MFT, Pext – external
gas pressure. In the case of effective heat exchange, when
MFT temperature is equal to the surrounding gas temper-
ature, it follows from (24) that the difference of MFT and
surrounding medium densities is
∆ρ = ρext − ρin = B
2
t
8piV 2s
, (25)
i.e. the gas inside the MFT has smaller density than the
external one, ρin < ρext. The buoyancy force
FB = −∆ρgz, (26)
causes the MFT to floating up (gz = −Ω2z is the z-
component of the stellar gravity).
In this section, we modify our accretion disc model by
incorporating the buoyancy of the toroidal magnetic field
in the induction equation. In order to calculate Br and Bϕ,
we need to specify the MFT rise velocity VB . The stationary
rise velocity of MFT is determined from the balance between
MNRAS 000, 1–14 (2016)
6 S. A. Khaibrakhmanov, A. E. Dudorov, S. Yu. Parfenov and A. M. Sobolev
the buoyancy and drag forces, FB and FD. We obtain from
(25) and (26)
|FB | = |gz| B
2
8piV 2s
, (27)
where B = Bt – the magnetic field inside the MFT. The
aerodynamic drag force is (see Parker (1979))
|FD| = ρeV
2
B
2
Cd
ρpiamft
, (28)
where CD – drag coefficient, ρ – gas density inside the MFT.
Typically, drag coefficient CD is of order of unity. In the tur-
bulent medium, the drag force is (Pneuman & Raadu 1972)
|Ft| = piρe
(
νtamftV
3
B
)1/2
ρpia2mft
, (29)
where νt – turbulent viscosity. The forces in (27, 28, 29) are
evaluated per unit mass of the MFT.
Equating the buoyancy force (27) and aerodynamic drag
force (28) with the help of equations for accretion disc scale
height (4) and angular velocity (5), we obtain expression for
the buoyancy velocity
VB = Va
(
pi
CD
)1/2 (amft
H
)1/2 ( z
H
)1/2
, (30)
where
Va =
B√
4piρe
(31)
is the Alfven velocity. Expression (30) shows that the typical
MFT rise velocity for the tubes with amft ∼ H is approxi-
mately equal to Alfven speed at height z ∼ H .
Stationary MFT rise velocity in case of the turbulent
drag follows from the equality of (27) and (29)
VB = Va
(
β
2
)−1/2
α−1/3
(amft
H
)( z
H
)2/3
, (32)
where β = 8piρV 2s /B
2 is the plasma parameter, and turbu-
lent viscosity is evaluated according to Shakura & Sunyaev
(1973)
νt = αVsH. (33)
In order to take into account the buoyancy effect, we sub-
stitute (30) or (32) into equations (17-18).
3 FOSSIL MAGNETIC FIELD INTENSITY
AND GEOMETRY IN ACCRETION DISCS
In this section, we investigate the fossil magnetic field of ac-
cretion discs. We use the following fiducial values of param-
eters: stellar mass M = 1M⊙, accretion rate 10
−7M⊙ yr
−1,
turbulence parameter α = 0.01, stellar luminosity Ls =
1L⊙, stellar radius Rs = 2R⊙, mean magnetic field strength
at the stellar surface Bs = 2 kGs, cosmic rays ionization rate
ξ0 = 10
−17 s−1 and attenuation length RCR = 100 g cm
−2,
X-ray luminosity LXR = 10
30 erg s−1, mean dust particle ra-
dius ad = 0.1µm. The radial profiles of the magnetic field
components Br and Bϕ are evaluated at height z = 0.5H .
We depict the absolute values of the magnetic field compo-
nents in all figures.
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Figure 1. Top: The effective (dashed line) and mid-plane (solid
line) temperatures versus distance r. Bottom: gas surface density
(black line, left y-axis) and ionization fraction (gray line, right
y-axis) in the mid-plane of the disc versus distance r. Numbers
show characteristic slopes.
The system of non-linear algebraic model equations (1-
7, 17-21, 23) is solved numerically in three steps. At the
first step, equations (1-4) are solved. At the second step, the
ionization subsystem (see equations (41, 47, 48) in DK14) is
solved using the iterative Newton’s method with the relative
accuracy 10−4. Finally, the magnetic field components are
determined by solving equations (17-18, 23-21) with the help
of the Newton’s method.
3.1 Accretion disc structure
Before starting to analyse the magnetic field, we briefly dis-
cuss the structure of the disc. In Fig. 1, we show the radial
profiles of effective temperature Teff and mid-plane gas tem-
perature Tc (top panel), gas surface density Σ and mid-plane
ionization fraction x (bottom panel).
Fig. 1 shows that the disc effective temperature de-
creases with the distance r as Teff ∝ r−3/4. Mid-plane tem-
perature falls down with the distance more rapidly, T ∼ r−1
at r > 1 au. It is equal to 5200 K near the accretion disc
inner edge, rin ∼ 0.03 au. The optical thickness of the disc is
less than unity, and the temperature is equal to the temper-
ature of molecular cloud cores 15 K at r > 100 au. The
gas surface density decreases with the distance from the
value ∼ 2 × 104 g cm−2 at the inner edge of the disc rin
to ∼ 10 g cm−2 at the disc’s outer edge, rout ∼ 300 au.
The ionization fraction profile is non-monotonic. In re-
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gion r < 0.8 au with T > 103 K ionization fraction is de-
termined by the thermal ionization. In the outer part of the
disc, the ionization fraction increases with the distance, as
cosmic rays ionization rate grows as the density falls down.
The ionization fraction reaches extremely low value ∼ 10−14
at r ∼ 1 au. In this region, thermal ionization does not op-
erate, and cosmic rays poorly ionize gas because of high
density, Σ > RCR. The small peak in the x(r) profile at
r ∼ 3 au corresponds to the volatile grains evaporation.
The region of low ionization fraction and efficient magnetic
diffusion (‘dead’ zone) is located between r ≃ 0.8 au and
r ≃ 50 au (gray region in Fig. 1). The ionization fraction is
less than ∼ 10−12 inside the ‘dead’ zone.
3.2 The role of MHD effects
To determine the conditions under which Ohmic diffusion,
magnetic ambipolar diffusion, and the Hall effect are impor-
tant, we compare magnetic diffusivities, ηo and ηa, with the
Hall coefficient ηh. Dividing (16) by (10), we find that
ηh
ηo
= ωeτen, (34)
where
ωe =
eBz
mec
(35)
– the cyclotron frequency for electrons, τen = ν
−1
en – the
mean time of electron-neutral collisions. The relation (34)
shows that the Hall effect is more efficient than Ohmic diffu-
sion in the magnetized plasma, ωeτen > 1. For typical values
Bz = 0.1 Gs and n = 10
14 cm−3 at r = 1 au
ωeτen = 0.18
(
Bz
0.1Gs
)( n
1014 cm−3
)−1
, (36)
i.e. plasma is not magnetized, and the Hall effect is not effi-
cient at r = 1 au.
Division of (20) by (10) yields
ηa
ηo
= (ωeτen) (ωiτin)
mi +mn
mn
, (37)
where
ωi =
eBz
mic
(38)
– the cyclotron frequency for ions, τin = ν
−1
in – the mean
time of ion-neutral collisions, mn – the mass of the neutral
particle. For the typical scales
ηa
ηo
= 5.6× 10−4
(
Bz
0.1Gs
)( n
1014 cm−3
)−1
. (39)
In Fig. 2, we plot the radial profiles of the relations
(36) and (39) calculated with the fiducial parameters. Fig.
2 shows that the electrons are magnetized, ωeτen > 1, in the
outer part of the disc, r > 20 au. The Hall effect develops
together with Ohmic diffusion at 20 au < r < 60 au (the or-
ange region in Fig.2), and together with magnetic ambipolar
diffusion in region 60 au < r < 150 au (the magenta region
in Fig. 2). The MAD is the dominant effect at r > 160 au
(red region in Fig. 2). The Hall effect and Ohmic diffusion
are also important in the small region 0.2 au < r < 0.8 au of
refractory grains evaporation. In the innermost part of the
disc, r < 0.2 au, the magnetic field is frozen-in.
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Figure 2. The radial profiles of the relations ηh/ηo and ηa/ηo.
The colour fillings show the regions where considered MHD effects
are important (I – frozen-in field, O – Ohmic diffusion, A – mag-
netic ambipolar diffusion, H – Hall effect). (The color version of
this figure is available in the online journal).
3.3 The influence of Ohmic and magnetic
ambipolar diffusion
In Fig. 3, we show the radial profiles of the Bz, Br and Bϕ
calculated with the fiducial parameters. In the top panel of
Fig. 3 two cases are shown: with OD only and with both OD
and MAD.
According to Fig. 3,Bz decreases with the distance r. At
the inner edge of the disc, rin, Bz ∼ 345 Gs . The magnetic
field is frozen-in and Bz ∝ Σ ∝ r−7/6 at r < 0.8 au. At
r ≃ 0.8 au, Bz drops by two orders of magnitude, from
∼ 10 Gs to ∼ 0.1 Gs. Magnetic ambipolar diffusion reduces
Bz comparing to the frozen-in intensity in the region of low
ionization fraction, r > 0.8 au. The radial profile of Bz is
determined by dependence (23) in this region, Bz ∝ r−1/2.
Small peak in Bz(r) at r ∼ 3 au coincides with the ionization
fraction peak caused by volatile grains evaporation.
According to the top panel of Fig. 3, the intensity of the
toroidal magnetic field is extremely large near the inner edge
of the disc, because OD and MAD are not efficient in this
region. The extreme growth of Br and Bϕ also takes place
near the outer edge of the disc, if MAD is not taken into
account. Magnetic ambipolar diffusion limits the generation
of Br and Bϕ in outer part of the disc, so that the azimuthal
magnetic field component intensity is comparable with Bz,
while Br is ten times lower.
The radial and azimuthal magnetic field components are
small comparing to the Bz due to OD and MAD inside the
‘dead’ zone, 0.8 au < r < 50 au.
3.4 The influence of buoyancy
In the bottom panel of Fig. 3 we show the radial profiles
of Bz, Br and Bϕ calculated under the influence of OD,
MAD, and buoyancy. The MFT radius is equal to 1H , the
turbulent drag is taken into account.
According to the bottom panel of Fig. 3, Bϕ is nearly
two times lower than Bz in the region of frozen-in magnetic
field, r < 0.8 au. The intensity of the radial magnetic field
MNRAS 000, 1–14 (2016)
8 S. A. Khaibrakhmanov, A. E. Dudorov, S. Yu. Parfenov and A. M. Sobolev
10
-1
10
0
10
1
10
2
r, au
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
10
2
10
3
10
4
10
5
|B
|,
 G
s
Bz
Br , O
Bϕ, O
Br , OA
Bϕ, OA
10
-1
10
0
10
1
10
2
r, au
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
10
1
10
2
|B
|,
 G
s
−7/6
−1/2
Br , OAB
Bϕ, OAB
Figure 3. Top: the radial profiles of Bz (gray line), Br and Bϕ
calculated taking into account OD (blue line and magenta dashed
line, respectively), and that, calculated taking into account OD
and MAD (black dashed and solid lines, respectively). Bottom: the
radial profiles of Bz (gray line), Br and Bϕ calculated taking into
account OD, MAD and buoyancy. Numbers show characteristic
slopes. (The color version of this figure is available in the online
journal).
component is by order of magnitude lower than the Bz. The
radial profiles of Br and Bϕ are similar to Bz(r) in this
region. The buoyancy also operates in the outer region of
the disc, so that Bϕ is nearly two times lower than Bz at
r > 50 au.
We calculated the toroidal magnetic field of the disc for
different MFT radii, amft = (0.01− 1) H. Calculations show
that the more the MFT radius, the less the toroidal mag-
netic field intensity in the regions of the effective generation.
The buoyancy velocity (32) grows with the MFT radius. Ten
times growth of the MFT radius leads to nearly two times
decrease of the Br and Bϕ, both in the inner and in the
outer regions of the disc.
3.5 Hall effect influence on the fossil magnetic
field
In this section, we investigate how the Hall effect changes
the magnetic field in the disc. In Fig. 4, we show the radial
profiles of the magnetic field components calculated taking
into account OD, MAD, buoyancy and the Hall effect for the
case Bz > 0. The panel (a) corresponds to the calculation
with the fiducial parameters. In the panels (b) and (c), we
plot the dependences with different dust grain and ionization
parameters.
Fig. 4a shows that the Hall effect changes relation be-
tween Br and Bϕ, i.e. it changes the geometry of the mag-
netic field in the regions where ωeτen > 1 (orange regions
in Fig. 2). The intensity of the radial magnetic field compo-
nent is comparable with Bz and Bϕ due to the Hall effect
in the regions where electrons are magnetized. We did not
investigate in details case Bz < 0. The behaviour of the
magnetic field in the presence of the Hall effect is expected
to be oscillatory (Shalybkov & Urpin 1997). We believe that
full 3D global simulations of the accretion discs will confirm
this conclusion.
Fig. 4b and 4c show that the variation of the ionization
parameters leads to the change of the ‘dead’ zone size, while
the magnetic field geometry is not changed. For example,
ten times increase of the dust grain radius (Fig. 4b) leads
to ten times growth of the ionization fraction. In this case,
the extent of the ‘dead’ zone two times shrinks comparing
to the fiducial case (it is located at 0.8 au< r < 23 au). The
‘dead’ zone is situated between 0.8 au and 8 au in the case
of the enhanced rates of the ionization by cosmic rays and
X-rays (Fig. 4c).
In Fig. 5, we plot the vertical profiles of the fossil mag-
netic field components at three radial distances from the
star, 0.03 au, 1 au, and 50 au. The vertical magnetic field
component does not depend on z-coordinate. The radial
and azimuthal magnetic field components increase with the
height above the mid-plane, where Br = 0 and Bϕ = 0.
Fig. 5 confirms previous results. The magnetic field is quasi-
azimuthal at z > 0.5H and r = 0.03 au, quasi-vertical inside
the ‘dead’ zones, r = 1 au, and quasi-radial at r = 50 au,
z > 0.5H .
It should be noted that the Hall effect is non-dissipative,
while the OD and MAD are the diffusion ones. Fig. 2 shows
that the Hall effect operates together with OD and/or MAD
in the regions where the plasma is magnetized. According to
Fig. 2 and 4, the Hall effect is the most important near the
‘dead’ zone boundaries. The Hall effect leads to the trans-
formation of the magnetic field geometry, while OD and/or
MAD constraint the generation of the magnetic field and
lead to magnetic flux decrease in these regions. The mag-
netic field gets quasi-radial geometry due to the Hall effect.
3.6 Fossil magnetic field in the accretion discs
with different accretion rates
In this subsection, we analyse how the geometry and the
intensity of the fossil magnetic field depend on the ac-
cretion rate. Fig. 6 shows the radial profiles of the mag-
netic field components calculated with the accretion rates
10−8M⊙ yr
−1 (panel a) and 10−6M⊙ yr
−1 (panel b), taking
into account OD, MAD, buoyancy, and the Hall effect.
Fig. 6 shows that the fossil magnetic field geometry does
not depend on the accretion rate. The magnetic field is quasi-
vertical, Bz ≫ (Br, Bϕ), inside the ‘dead’ zones, it is quasi-
azimuthal, Bϕ ∼ Bz, near the inner edge of the disc, quasi-
radial, Br ∼ Bz, outside the ‘dead’ zone at 50 − 100 au,
and quasi-azimuthal at farther distances. The ‘dead’ zone
is more extended in the disc with the higher accretion rate.
This is due to the more the accretion rate, the more massive
MNRAS 000, 1–14 (2016)
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Figure 4. The radial profiles of the magnetic field components
calculated taking into account Ohmic diffusion, magnetic ambipo-
lar diffusion, buoyancy and the Hall effect. Panel a: fiducial pa-
rameters, panel b: ad = 1µm, panel c: ad = 1µm, ξ0 = 10
−16 s−1,
LXR = 10
32 erg s−1.
the accretion disc. As the accretion rate decreases during the
disc evolution, the ‘dead’ zone shrinks, and it is shifted to the
star. For example, the inner edge of the ‘dead’ zone is located
at r ∼ 2 au in case M˙ = 10−6M⊙ yr−1, and at r ∼ 0.2
in case M˙ = 10−8M⊙ yr
−1. At any given distance from the
star, the magnetic field intensity is lower in the disc with the
smaller accretion rate. For example, Bz(3 au) ∼ 0.1 Gs and
Bϕ(3 au) ∼ 2×10−4 Gs in the disc with M˙ = 10−6M⊙ yr−1,
and Bz(3 au) ∼ 0.01 Gs, Bϕ(3 au) ∼ 2× 10−5 Gs in the disc
with M˙ = 10−8M⊙ yr
−1.
In Table 1, we show the values of Bz and related β values
at typical distances in the disc with different accretion rates.
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Figure 5. The vertical profiles of the magnetic field components
calculated taking into account Ohmic diffusion, magnetic ambipo-
lar diffusion, buoyancy and the Hall effect at r = 0.03 au (top
panel), r = 1 au (middle panel), and r = 50 au (bottom panel).
Table 1 shows that the magnetic field in the ‘dead’ zones and
in the regions of frozen-in field decreases when the accretion
rate decreases. If the accretion rate ten times drops, then
magnetic field in the disc nearly 2-2.5 times reduces. The
magnetic field strength lies in the range ∼ (0.01−0.1) Gs at
3 au. These values are in agreement with the measurements
of the remnant magnetizations of meteorites in the Solar
system (Levy 1978; Fu et al. 2014).The plasma parameter at
given distance increases with the decreasing mass accretion
rate. It also varies with the distance. For example, β = 360 at
the inner edge of the disc, β = 1.9×104 at 3 au, and β = 20
at the outer edge of the disc with the fiducial parameters.
Therefore, the approximation of the initial constant plasma
beta for the whole disc is very rough.
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Figure 6. The radial profiles of the magnetic field components calculated taking into account OD, MAD, buoyancy, and the Hall effect.
Gray line: Bz , black solid line: Bϕ, black dashed line: Br . Panel a: M˙ = 10−8M⊙ yr−1; panel b: M˙ = 10−6M⊙ yr−1.
Table 1. The fossil magnetic field in the accretion disc at typical distances with different accretion rates.
M˙ , 10−7M⊙ yr−1 Bz(rin), Gs Bz(3 au), Gs Bz(rout), Gs
(1) (2) (3) (4)
10 320 (0.01 au) (β = 2500) 0.09 (β = 1.4× 104) 0.0033 (710 au) (β = 6)
1 140 (0.03 au) (β = 360) 0.03 β = 1.9× 104) 0.0020 (340 au) (β = 20)
0.1 40 (0.05 au) (β = 90) 0.01 (β = 3× 104) 0.0012 (150 au) (β = 50)
4 SYNTHETIC POLARIZATION MAPS
In this section, we make the synthetic maps of the polarized
continuum dust emission using the accretion disc structure
with the fiducial parameters. It is considered that the po-
larization comes from the dust grains alignment with the
magnetic field direction in the disc. For the calculations, we
use the monochromatic dust opacities of chemically inhomo-
geneous dust aggregates with ‘normal’ silicate mineralogy
calculated by Semenov et al. (2003b) for Td < 120 K. We
present results for the case when OD, MAD, buoyancy, and
the Hall effect are taken into account (see Fig. 4a).
4.1 Dust temperature calculations
The dust temperature was calculated with hyperion
Monte Carlo radiative transfer code version 0.9.7 (Robitaille
2011). The calculations were performed using spherical po-
lar grid containing 110, 550, and 2 cells in the radial, polar
and azimuthal direction, respectively.
For Td calculations, we took the gas density distribution
from the accretion disc model. The dust density distribution
was obtained assuming that the dust and gas are well mixed,
and gas-to-dust mass ratio is 100. The values of gas density
in the points of hyperion spherical polar grid were linearly
interpolated from the cylindrical grid used in the disc model.
To take into account dust sublimation, we have set the
dust density to zero at the cylindrical radii lower than the
dust sublimation radius Rsub = 0.075 au. The value of
Rsub was obtained with the analytic expression given by
Whitney et al. (2004):
Rsub = Rs
(
Tsub
T∗
)−2.085
, (40)
where T∗ – stellar effective temperature of 4085 K, Tsub –
dust sublimation temperature 1500 K.
hyperion computes the dust equilibrium temperature
with Lucy (1999) iterative method. The convergence criteria
was similar to the one given in Section 4.2.2 of Robitaille
(2011). We set the number of photons packets of 107 per
iteration (an average of 80 packets per grid cell). We used
the partial diffusion approximation and modified random
walk procedure (Min et al. 2009; Robitaille 2010) to speed
up the calculations in the optically thick disc regions.
The distribution of Td obtained for the fiducial disc
model is shown in Fig. 7. It is seen that the opaque inner disc
regions cast shadow on the equatorial disc plane. Thus, for
example, Td at r = 3 au increases from ∼ 50 K at z = 0 au
to 220 K at |z| ∼ 1 au (see right panel of Fig. 7). The dif-
ference in Td between disc regions at different |z| becomes
smaller with increasing r. Td at r = 200 au varies from 30
to 45 K with varying z. On average, Td obtained for the disc
models with M˙ = 10−8 and M˙ = 10−6 M⊙ yr−1 is higher
by ∼ 5 and lower by ∼ 10 per cent, respectively, comparing
with the fiducial model.
4.2 Continuum polarization
To obtain the synthetic maps of polarized continuum emis-
sion, we used the lime (Line Modelling Engine) code
MNRAS 000, 1–14 (2016)
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Figure 7. The distribution of the dust temperature for the fidu-
cial disc model. Each image is a vertical slice through the half of
the disc. The colour bars denote log10 of the dust temperature
in K. (The color version of this figure is available in the online
journal).
(Brinch & Hogerheijde 2010). lime is the Monte Carlo code
that allows to perform the molecular excitation and line ra-
diative transfer calculations in far-infrared and (sub)mm
wavelength regions. Padovani et al. (2012) extended lime
with the procedure to calculate the Stokes parameters (see
e.g. Frau et al. 2011)1. With this procedure the polarization
is assumed to be due to the grains alignment with the mag-
netic field. The stokes parameters are computed integrating
the continuum source function along the line of sight tak-
ing into account the dust temperature variations and the
variations of the magnetic field vector. The grain alignment
efficiency and absorption cross-section are described by the
single parameter αmax that also determines the upper limit
on the polarization degree, p, of continuum emission. We set
αmax = 0.01 which gives upper limit p = 1% that is compa-
rable with the limits obtained from the observations of the
T Tauri star discs (Hughes et al. 2013). We assume that the
dust (sub)mm emission scattering is negligible. The scatter-
ing at (sub)mm wavelengths is effective only in the presence
of large 100 µm sized grains (see e.g. Kataoka et al. 2015)
which are not considered in our disc models. Thus, we do not
take into account the effect of disc inclination considered by
Yang et al. (2016).
lime uses 3D spatial grid for the integration of the ra-
diation transfer equation along a number of discrete rays.
The positions of grid points are randomly sampled from the
uniform or weighted distribution. We used the lime grid of
1 200 000 points which were distributed mainly in the disc re-
gions with high density and high gradients of magnetic field.
Among these points, 500 000 points were distributed loga-
rithmically and uniformly on r and z, respectively. The po-
sitions of other 100 000 points were randomly selected from
the distribution with the weights of the form (ρd/ρdmax)
0.3,
where ρd – dust density at a given point and ρdmax –
maximum dust density (similar weights were used by e.g.
Douglas et al. 2013). The values of ρdmax are 10
−9.6, 10−8.8
and 10−8.3 g cm−3 for the disc models with M˙ = 10−8,
M˙ = 10−7 and M˙ = 10−6 M⊙ yr−1, respectively. Six sets
1 Expressions for the Stokes parameters given by Padovani et al.
(2012) and in references therein should be corrected according to
Planck Collaboration et al. (2015).
of 100 000 points were uniformly distributed within the in-
tersected disc regions with |z| < 0.0001H , |z| < 0.001H ,
|z| < 0.01H , |z| < 0.1H , |z| < H and |z| < 5H , respectively.
As input physical parameters for the continuum polar-
ization calculations we used the strength of the magnetic
field from the disc model and the dust temperature and den-
sity obtained in Section 4.1. The values of B and Td in the
lime grid points were obtained by the linear interpolation of
the values in spatial grids of the disc and hyperion models.
On the polarization map calculated at 237 GHz (1.3
mm) for the face-on disc with fiducial parameters, it is seen
that at r > 15 au p increases up to ∼ 0.35 per cent with de-
creasing distance from the disc centre (see Fig. 8a) due to in-
creasing Br and Bφ. The low values of p and the orientation
of the polarization vectors are consistent with almost verti-
cal magnetic field. There is an apparent disc region within
r . 15 au, a polarization ‘hole’, where p is lower by factor
of 2 comparing with neighbour disc regions with r > 15 au.
The appearance of this ‘hole’ is related with the ‘dead’ zone
where the magnetic field is predominantly vertical and, thus,
the projection of the magnetic field vector on the sky plane
(X,Y ) is minimum. The ‘hole’ disappears for the disc incli-
nation i & 20◦.
The synthetic polarization map for the disc inclined
on 45◦ reveals the asymmetric structure of p distribution
(see Fig. 8b). Within the map region with |X| < 200 and
|Y | < 200 au, one can distinguish two lobes that are approx-
imately along Y axis and two lobes that are approximately
along X axis. On average, p values within lobes elongated
along Y are lower by a factor of ∼ 3 comparing with p within
the lobes elongated along X axis. The asymmetry of p dis-
tribution is due to the orientation of B towards the disc
rotation direction. The asymmetry vanishes out for i . 30◦
and i & 85◦.
In the case of disc seen edge-on, there is a narrow region
with |Y | < 5 and |X| < 100 au on the polarization map
where p is maximum (see Fig. 8c). This region has sharp
borders where p rapidly decreases from ∼ 1 to ∼ 0.3% with
increasing |Y |. The presence of this narrow region with high
p is related with the variations of the magnetic field strength
close to the disc mid-plane. Br and Bφ are much smaller
than Bz at z . 0.2H and rapidly increase at z > 0.2H (see
Fig.5) that leads to the variations of B projection on (X,Y )
plane.
The polarization maps calculated for the disc models
with M˙ = 10−8 and M˙ = 10−6 M⊙ yr−1 are very similar to
those shown in Fig. 8.
It should be noted that the disc is optically thin at
237 GHz for the considered disc models and dust opacity.
One can expect that in the case of optically thick disc the
polarization maps can be different from those presented in
this section as the continuum emission will trace different
regions of the disc and, thus, different magnetic field geom-
etry.
5 CONCLUSIONS AND DISCUSSION
We investigated the fossil magnetic field in the accretion and
protoplanetary discs of young stellar objects. The accretion
disc model described in DK14 includes Shakura and Sunyaev
equations, the induction equation with Ohmic diffusion and
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Figure 8. Polarization maps calculated for the disc with fiducial
parameters. From top to bottom: disc inclination is 0, 45, 90◦.
Sub-panels show zoomed 120 × 120 au central map region. The
distance between major axes ticks on sub-panels is of 20 au. The
colour bars denote polarization degree, p, and red lines denote
polarization vectors flipped by 90◦. The red scale bar is consistent
with p = 1%, the length of blue scale bar gives the angular scale
of 1 arcsec at the distance of 140 pc. (The color version of this
figure is available in the online journal).
magnetic ambipolar diffusion, the equations of ionization-
recombination balance. We take into account ionization by
cosmic rays, X-rays, radiative recombinations, recombina-
tions onto dust grains, and thermal ionization.
We investigated the influence of the magnetic field buoy-
ancy and the Hall effect on the magnetic field in the disk,
which were not taken into account in our previous study
(DK14). The stationary solution of the induction equation
has the form, in which the buoyancy represents the addi-
tional mechanism of the magnetic flux loss. Such a modifi-
cation allows us to investigate the fossil magnetic field both
in the regions of the effective generation, and in the ‘dead’
zones. We also take into account non-linearity of magnetic
ambipolar diffusion (MAD) in the modified model.
Our model is the useful tool for the investigation of
dynamics of accretion and protoplanetary discs. In contrast
to the other investigations, where the magnetic field strength
and/or geometry are a priori determined, in our model the
strength and geometry of the magnetic field in the discs are
calculated. The predictions of the model are in agreement
with observational constraints, as discussed below.
The radial and azimuthal magnetic field components
are zero at z = 0 due to the equatorial symmetry of the
disc. In recent shearing-box MHD simulations, the genera-
tion of the strong azimuthal magnetic field in the midplane
due to the Hall effect was found (Bai 2014; Lesur et al. 2014;
Xu & Bai 2016). This result is caused by the peculiarities of
the shearing-box approximation which does not allow to dis-
tinguish between the odd and even symmetries of the mag-
netic field. Moreover, the artificial limitation of the diffu-
sivity in the region of the ionization fraction minimum was
used in these calculations, which leads to the overestimation
of the Hall effect efficiency.
Our calculations show that the buoyancy constraints
the toroidal magnetic field generation. The strength of Bϕ
is comparable with the vertical magnetic field strength in the
inner region of the disc, r . 1 au at z ∼ 0.5 H. This result
confirms simple estimates of DK14. The fossil magnetic field
strength is nearly equal to the stellar magnetic field at the
inner edge of the disc. In the outer region, the non-linear
magnetic ambipolar diffusion and buoyancy constraint the
growth of the toroidal magnetic field, so that the toroidal
magnetic field Bϕ remains comparable with Bz.
The Hall effect leads to the transformation of the az-
imuthal magnetic field to the radial one, and vice versa.
The radial magnetic field becomes comparable with the az-
imuthal and vertical ones due to the Hall effect in the re-
gions where electrons are magnetized. This happens near
the borders of the ‘dead’ zone. Thus, the magnetic field
gains the quasi-radial geometry, Br ∼ Bz, in these regions
at z ∼ 0.5 H. The quasi-radial magnetic field promotes the
generation of centrifugal wind (Blandford & Payne 1982).
DK14 have shown that magnetic ambipolar diffusion may
prevent the generation of the quasi-radial magnetic field. On
the basis of our new results, we conclude that the Hall ef-
fect is an important factor determining the possibility of the
centrifugal wind launching in the accretion discs of young
stars.
We calculated the geometry and strength of the fos-
sil magnetic field in discs with different accretion rates.
We refer to these cases as the evolutionary sequence from
the protostellar to the protoplanetary discs. The protostel-
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lar discs are characterized by the higher accretion rate,
M˙ = 10−6M⊙ yr
−1. The case with M˙ = 10−7M⊙ yr
−1 cor-
responds to the accretion disc of a young T Tauri star. In
the case of the lower accretion rate M˙ = 10−8M⊙ yr
−1, the
disc is considered to be protoplanetary.
Calculations show that the geometry of the fossil mag-
netic field does not depend significantly on the accretion
rate. In all cases, the magnetic field remains quasi-azimuthal
in the inner region, quasi-vertical inside the ‘dead’ zone,
quasi-radial or quasi-azimuthal in the outer regions of the
disc. The ‘dead’ zone achieves its maximum size in the proto-
stellar disc. The extent of the ‘dead’ zone decreases with the
decrease of the accretion rate. The inner and outer bound-
aries of the ‘dead’ zone move closer to the star. The strength
of the fossil magnetic field goes down at any given distance
during the evolution. For example, the vertical magnetic
field strength falls down from ∼ 0.1 Gs (M˙ = 10−6M⊙ yr−1,
protostellar disc) to ∼ 0.01 Gs (M˙ = 10−8M⊙ yr−1, proto-
planetary disc) at r = 3 au. These values coincide with the
remnant magnetic field strength inferred from the meteorites
magnetization measurements (Levy 1978; Fu et al. 2014).
We constructed the synthetic maps of the dust emis-
sion polarized due to the alignment of the dust grains with
the magnetic field direction. The combination of the quasi-
azimuthal and the quasi-radial magnetic field geometries in
the inner disc appear as the spiral magnetic field structure
in the face-on disc map. The synthetic polarization map
for the face-on disc shows that it will be possible to spa-
tially resolve the ‘dead’ zones in nearby accretion discs in
observations with the instruments like The Atacama Large
Millimeter/Submillimeter Array (ALMA). The ‘dead’ zones
will appear as a hole-like central regions where the value
of polarization degree is small compared to those in the
adjacent parts of the disc. Thus, the observations of the
polarized emission can be a useful tool for the investiga-
tion of the planet formation region properties in the pro-
toplanetary discs. Our synthetic maps are more detailed
than the current observational data. In recent observations,
it has been found that the magnetic field may be toroidal
(Segura-Cox et al. 2015) or the combination of toroidal and
poloidal (Stephens et al. 2014) in the protostellar and pro-
toplanetary discs. We predict that we will see the different
types of the magnetic field geometries in the different parts
of the discs. For example, the quasi-radial magnetic field still
has not been observed in the outer regions of protoplanetary
discs. We hope that future polarization measurements will
confirm our predictions.
We stress out that the radiative transfer calculations
presented in this work are not aimed to reproduce the ob-
servations and to perform the detailed simulations of disc
observations because of the simplicity of our disc model.
The model does not account the dust growth, settling or
radial drift that can affect the dust size and spatial distri-
bution and, thus, the polarization of the disc emission (see
e.g. Cho & Lazarian 2007). The detailed observations of the
continuum emission polarization may be useful to investi-
gate the dust dynamics and protoplanet formation process.
Moreover, we do not consider the cases when the disc is
embedded in a dense envelope.
In the present work we haven’t considered UV radiation
from the central star and the role of dust particles charge.
The stellar UV ionizes only thin surface layers of the disc.
Our conclusions about the magnetic field inside the disc will
not change if UV radiation will be taken into account. Exam-
inations of more complex ionization model including differ-
ent dust grain charges will be addressed to the future papers.
We neglected the effect of the charged dust grains on the
anisotropy of the conductivity tensor. Charged dust grains
with mass mg and charge e can produce the anisotropy of
the conductivity only in case when their magnetization pa-
rameter
βg =
eB
mgc
1
νgn
(41)
is more than unity. In (41), νgn = 〈σv〉gnnn is the fre-
quency of collisions of the grains with the neutrals, 〈σv〉gn ≃
piad
√
8kT
πmn
is the corresponding coefficient of the momentum
transfer, mn is the mass of the neutral particle. Assuming
that the density of the dust grains ρg = 2g cm
−3, we derive
from (41) with the typical parameters at 1 au in our model
(see Figs. 1, 2, 4)
βg = 7×10−17
(
B
0.1Gs
)(
ad
0.1µm
)−5(
T
800K
)− 1
2
( nn
1014 cm−3
)−1
.
(42)
Therefore, the dust particles with sizes ad > 0.1µm (consid-
ered in our calculations) are too large to be magnetized and
contribute to the anisotropy of conductivity. Expression (42)
shows that the dust grains with ad < 6 × 10−3 µm will be
magnetized with the adopted values of density, temperature,
and magnetic field strength. It should be noted that the ra-
dius of the dust grains at T = 800 K is 15 times smaller
than the initial radius ad = 0.1µm at T < 150 K due to
the evaporation of ices in our calculations. Such dust grains
are also non-magnetized according to (42). The evaporation
of the dust grains in the inner regions of the discs should
be taken into account in the conductivity calculations. The
evaporation of the dust grains causes the reduction of the re-
combination rate which leads to the growth of the ionization
fraction.
Turbulence in our model is described in terms of
Shakura & Sunyaev (1973) α approximation. In order to de-
termine the turbulent diffusivity and its influence on the
magnetic field correctly, it is required to study MHD tur-
bulence properties by solving the Reynolds equations (e.g.,
Ruzmaikin et al. 1988). Turbulence leads to the genera-
tion of the small scale magnetic field out of the large-scale
one. The question whether the turbulence can transport
the large-scale magnetic field requires further analysis. This
complex issue is beyond the scope of current work. Our fur-
ther investigations will focus on the dynamical influence of
the magnetic field on the structure of the accretion discs.
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